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ABSTRACT Fo¨rster’s resonance energy transfer (FRET) can be used to study protein-protein interactions in living cells.
Numerousmethods tomeasure FRET have been devised and implemented; however, the accuracy of thesemethods is unknown,
whichmakes interpretation of FRETefﬁciency values difﬁcult if not impossible. This problemexists due to the lack of standardswith
known FRET efﬁciencies that can be used to validate FRET measurements. The advent of spectral variants of green ﬂuorescent
protein and easy access to cell transfection technology suggests a simple solution to this problem: the development of genetic
constructs with known FRET efﬁciencies that can be replicated with high ﬁdelity and freely distributed. In this study, ﬂuorescent
protein constructs with progressively larger separation distances between donors and acceptors were generated and FRET
efﬁciencies were measured using ﬂuorescence lifetime spectroscopy, sensitized acceptor emission, and spectral imaging. Since
the results from eachmethod were in good agreement, the FRET efﬁciency value of each construct could be determined with high
accuracy and precision, thereby justifying their use as standards.
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Fo¨rster’s resonance energy transfer (FRET) is a process in
which a donor ﬂuorophore in the excited state nonradiatively
transfers energy to an acceptor molecule (1). FRET efﬁ-
ciency, deﬁned as the fraction of donor excitation events that
result in energy transfer to an acceptor, can be used to cal-
culate the separation distance between a donor and acceptor
inside living cells. Numerous methods have been developed
to measure FRET, yet their accuracy is currently unknown
(2), thus interpretation and comparison of FRET measure-
ments are problematic. A simple solution to this problem is
the development of ‘‘standards’’ in the form of genetic
constructs encoding ﬂuorescent proteins (FPs) with known
FRET efﬁciencies that can be freely distributed and used to
calibrate and validate FRET imaging systems.
A major obstacle in the use of FPs as FRET standards is
determining an absolute FRET efﬁciency for a given con-
struct. After genetically engineering a set of FP constructs
containing a single donor and acceptor separated by progres-
sively larger linkers, our strategy was to measure the FRET
efﬁciency of each construct using three different methods;
one based on ﬂuorescence lifetime microscopy (3,4) (FLIM-
FRET), one based on sensitized acceptor emission (5,6)
(E-FRET) and one based on differences in emission spectra
(7) (sRET). Since valid FRET methods will yield the same
FRET efﬁciency for a given sample, a consensus of several
different FRET methods, each monitoring different mani-
festations of FRET, could serve as the basis for concluding
that a measured FRET efﬁciency is accurate and would there-
fore qualify a construct for use as a standard.
Accordingly, constructs were generated in which Cerulean
(8) (C, a blue ﬂuorescent protein variant serving as the
donor) is attached to Venus (9) (V, a yellow variant serving
as the acceptor) with either 5, 17, or 32 amino acid linkers in
between them termed C5V, C17V, and C32V, respectively
(Supplementary Material). Constructs with shorter linkers
should have higher FRET efﬁciencies. Thus, C5V is
expected to have the highest FRET efﬁciency of the group,
followed by C17V and C32V. Our initial screen of these
constructs involved an examination of the emission spectra
with two-photon excitation. Cerulean is preferentially excited
at 820 nm and has an emission peak at 475 nm, whereas
Venus, which is preferentially excited at 940 nm, has an
emission maximum at 528 nm. Since all constructs are com-
prised of Cerulean and Venus at a 1:1 stoichiometry, the
emission spectra for the constructs should always appear as
a complex spectra of the two ﬂuorophores. The relative
intensity of the two emission peaks should be a function of
the FRET efﬁciency of the construct. Speciﬁcally, the 475
nm Cerulean peak should decrease relative to the 528 nm
peak of Venus with increasing FRET efﬁciency.
HEK 293 cells transfected with the different FRET con-
structs were subjected to spectral imaging in which an emis-
sion spectrum is acquired for every pixel in the ﬁeld of view
(7,10). The emission spectra of each construct was obtained
using 820, 900, or 940 nm excitation and normalized to the
475 nm peak of Cerulean (Fig. 1 A). As expected, the emis-
sion of each construct had peaks at 475 nm and 528 nm. The
magnitude of the 528 nm emission peak was always higher
than the 475 nm emission, suggesting that the Cerulean in
these constructs transfer energy to Venus by FRET. The 528
nm peak, for all constructs examined, increased with exci-
tation wavelength relative to Cerulean’s 475 nm emission
peak due to increased direct excitation of Venus. C5V had
the highest 528 nm peak followed by C17V and C32V,
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which is consistent with the prediction that C5V should have
the highest FRET efﬁciency and C32V the lowest.
Another predicted manifestation of FRET is a decrease in
the ﬂuorescence lifetime of Cerulean (11). Upon excitation
by a short pulse of light, a ﬂuorophore has a characteristic
probability of emitting a photon resulting in an exponential
decay of ﬂuorescence with time (11). Environmental factors
such as FRET provide new pathways through which energy
can be dissipated resulting in a decrease in a donor’s lifetime.
After calibrating the time correlated single photon counting
(TCSPC) instrumentation (12) with ﬂuorescein (Fig. S1,
Supplementary Material), lifetime decay curves for all of the
constructs were collected. As predicted, lifetimes decreased
as linker size diminished (Fig. 1 B), consistent with the re-
sults obtained through spectral imaging.
A comparison of a donor’s ﬂuorescence lifetime in the
presence and absence of acceptors is required to obtain a
FRET efﬁciency from lifetime data. A decrease in the life-
time of a donor in the presence of an acceptor is attributed to
FRET (11). Because Cerulean’s chromophore is encapsu-
lated within a b-barrel, its lifetime is thought to be insen-
sitive to most environmental factors and should not change
when attached to a protein. As a result, the lifetime of a
Cerulean-Venus complex is typically compared to the life-
time of Cerulean alone. To test if Cerulean’s lifetime does
not change when attached to a protein, it was tagged with
four different proteins, and decay curves were acquired (Fig.
1 C). Cerulean’s lifetime was altered, suggesting that the use
of Cerulean alone in FLIM-FRET calculations is inappro-
priate. To construct a more suitable donor alone control, we
tagged Cerulean to Amber (A, Y67C mutation in Venus) that
folds correctly but is incapable of acting as a FRET acceptor
(S. Koushik, unpublished results). These Cerulean-Amber con-
structs, termed C5A, C17A, and C32A, decayed slightly faster
than Cerulean alone (Fig. 1 D), and were used in FLIM-
FRET calculations for C5V, C17V, and C32V, respectively.
Calculation of accurate FRET efﬁciencies using FLIM
requires not only appropriate donor-alone constructs, but
precise lifetime values (Fig. S2, Supplementary Material).
Three methods of ﬁtting lifetime curves of the constructs
FIGURE 1 Characterization of FRET standards (A) Normalized emission spectra relative to the peak of the Cerulean emission at 475
nm of C5V, C17V, and C32V with 820, 900, and 940 nm excitation as indicated. Spectra are an average of three different cells. (B)
Fluorescence donor lifetime decay curves of Cerulean, C5V, C17V, and C32V. All traces are an average of decay curves from at least
ﬁve different cells. Note that the lifetime curves become progressively faster as linker size decreases. (C) Fluorescence lifetime decay
curves of Cerulean, Cerulean-b (the b3 subunit of voltage-gated calcium channels), Cerulean-TRAF (TNF-associated factor 2aTRAF
domain), Cerulean-K-Ras (the membrane-targeting sequence of K-Ras) and Cerulean-Gb (the b-subunit of the heterotrimeric G-protein
complex). The Cerulean ﬂuorescence decays faster with the attachment of various protein adducts. (D) A comparison of the decay
curves of Cerulean, C5A, C17A, and C32A. Minor changes in Cerulean’s ﬂuorescent lifetime were observed with the attachment of
Amber with different sized linkers. (E) FRET efﬁciencies of C5V (red border), C17V (green border), and C32V (blue border) determined
using E-FRET (dark gray; n of at least 10 cells per construct), FLIM-FRET (medium gray; n of 10 cells per construct), and sRET (light
gray; n of at least 60 cells per construct) are shown (mean 6 SD).The FRET efﬁciency values generated by each method for any given
clone were not statistically different based on the results of an ANOVA (p > 0.05); therefore, FRET efﬁciency values for each method
were combined and an averagewas calculated. Average FRET efﬁciency values for C5V (red bar), C17V (green bar), and C32V (blue bar)
are shown.
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were evaluated (Table S1, Supplementary Material). Based
on results obtained for ﬁtting lifetime standards (Fig. S2), we
reasoned that lifetimes generated using global ﬁtting (13) of
the Venus and Amber-tagged Cerulean constructs produced
the best estimates of FLIM-FRET efﬁciencies and therefore
this method was used for this study.
FRET efﬁciencies as measured by FLIM-FRET, E-FRET,
and sRET are shown in Fig. 1 E. FRET efﬁciency values
generated by different methods were in good agreement even
though two methods used pulsed two-photon excitation,
whereas a third employed sensitized acceptor emission using
steady-state excitation. An analysis of variance (ANOVA)
revealed that FRET efﬁciency values for each construct
generated by all methods were statistically indistinguishable
(p . 0.05). Additionally, an ANOVA comparing the FRET
efﬁciencies generated by any of the speciﬁc methods indi-
cated that the three constructs were different (p , 0.01 by
Tukey’s post hoc multiple comparison test), validating their
use as FRET standards. The FRET efﬁciency for each clone
was calculated by averaging the mean values from each of
the three methods (Fig. 1 E). Average FRET efﬁciency values
for speciﬁc clones were always within 3% of values gen-
erated by the individual methods and spanned a range from
31% to 43%. All three methods could differentiate between
C17V and C5V (p , 0.01 by Tukey’s multiple comparison
test), indicating that a 5% change in FRET efﬁciency can be
detected in living cells. Assuming a dipole orientation factor
(k2) of 2/3 (14), this represents a 0.2 nm change in average
separation distance. Although knowledge of the value of k2
is needed to accurately interpret FRET efﬁciencies in terms
of separation distance, it is not needed to accurately measure
the FRET efﬁciency of a sample.
In conclusion, we have produced FRET standards with
FRET efﬁciency values of 43 6 2, 38 6 3, and 31 6 2%. A
set of constructs composed of Cerulean and Amber were also
built, and their use increased the accuracy of the FLIM-
FRET measurements. Expression of C5V (7) or C32V (6) in
different cell lines did not signiﬁcantly alter their efﬁcien-
cies, suggesting that the behavior of these constructs was not
cell-type speciﬁc. Because Venus is thought to mature rap-
idly (9,15), there should always be one adjacent acceptor for
each expressed donor in these constructs. Experiments with
C5V (7) and with C32V (6) indicated that a 1:1 stoichiom-
etry was present as expected, supporting the conclusion that
Cerulean and Venus fold properly and efﬁciently. Thus, the
numerous and disparate methods used to measure FRET can
now be calibrated and/or validated with these standards.
SUPPLEMENTARY MATERIAL
An online supplement to this article can be found by visiting
BJ online at http://www.biophysj.org.
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